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Summary
Gal4 is the prototypical Zn2Cys6 binuclear cluster tran-
scriptional regulator that binds as a homodimer to
DNA containing inverted CGG half-sites. Leu3, a mem-
ber of this protein family, binds to everted (opposite
polarity to inverted) CGGhalf-sites, and anH50Cmuta-
tion within the Leu3 Zn2Cys6 binuclear motif abolishes
its transcriptional repression function without impair-
ing DNA binding. We report the X-ray crystal struc-
tures of DNA complexes with Leu3 and Leu3(H50C)
and solution DNA binding studies of selected Leu3
mutant proteins. These studies reveal the molecular
details of everted CGG half-site recognition, and sug-
gest a role for the H50C mutation in transcriptional re-
pression. Comparison with the Gal4-DNA complex
shows an unexpected conservation in the DNA recog-
nition mode of inverted and everted CGG half-sites,
and points to a critical function of a linker region be-
tween the Zn2Cys6 binuclear cluster and dimerization
regions in DNA binding specificity. Broader implica-
tions of these findings are discussed.
Introduction
Leu3 is a transcriptional regulator in Saccharomyces
cerevisiae that can activate or repress branched amino
acid biosynthesis and nitrogen assimilation (Baichwal
et al., 1983; Brisco and Kohlhaw, 1990; Peters et al.,
1990; Zhou et al., 1987). This 886 amino acid protein
has 3 domains: an N-terminal DNA binding domain,
a central ligand-regulated modulation domain, and a
C-terminal activation domain (Bai and Kohlhaw, 1991;
Friden et al., 1989; Zhou and Kohlhaw, 1990; Zhou
et al., 1990). The DNA binding domain can be further di-
vided into 3 regions: a Zn2Cys6 binuclear cluster motif
(residues 37–67), a linker region, and a coiled-coil dimer-
ization element (Bai and Kohlhaw, 1991). The Zn2Cys6 bi-
nuclear cluster motif consists of a CX2CX6CXNCX2CX6C
*Correspondence: marmor@wistar.orgsequence (Figure 1A) that is conserved among the
Zn2Cys6 binuclear cluster family of proteins (Marmor-
stein et al., 1992). There are over 80 members within
this protein family, the prototype of which is the protein
Gal4 (Todd and Andrianopoulos, 1997). Interestingly,
these proteins are only found in fungal species. Most
proteins within this family bind DNA as homodimers in
which the two Zn2Cys6 motifs of the dimer recognize
two CGG half-sites. Protein-specific DNA binding spec-
ificity is further dictated by the relative orientation of
CGG DNA half-sites and their inter-half-site separation.
CGG half-sites can be positioned in inverted or direct
orientations and an everted orientation in which both
CGG half-sites have opposite polarity to the inverted ori-
entation. Recently, some proteins containing a Zn2Cys6
binuclear cluster motif have been shown to bind as
monomers and heterodimers to CGG half-sites, and, in
some cases, homodimers to sites bearing nonCGG
half-sites (Akache et al., 2004; Cahuzac et al., 2001;
Gomez et al., 2002; Strauss et al., 1998).
To date, structures have been determined of homodi-
meric Zn2Cys6 binuclear cluster proteins bound to DNA
sites containing inverted and direct CGG half-site orien-
tations (King et al., 1999a, 1999b; Lukens et al., 2000;
Marmorstein et al., 1992; Marmorstein and Harrison,
1994; Swaminathan et al., 1997) (Figure 1B), but no
structures determined have been bound to everted
CGG half-sites. Leu3 is a Zn2Cys6 binuclear cluster motif
containing protein that recognizes an everted CGG half-
site with a four base pair spacing, 50-CCGGN2CCGG-30
(Friden and Schimmel, 1988; Hellauer et al., 1996).
In Leu3, the DNA binding domain alone is found to be
sufficient for repression, but activation requires the
C-terminal activation domain (Sze et al., 1993). For the
intact Leu3 protein, the switch from repressor to activa-
tor requires a-IPM (a-isopropylmalate), an early interme-
diate in the branched amino acid biosynthetic pathway
(Sze et al., 1992; Zhou et al., 1990). a-IPM binding to
Leu3 promotes transcriptional activation of Leu3-regu-
lated genes, while in the absence of a-IPM, Leu3 causes
transcription to be repressed below basal level. Intrigu-
ingly, previous biochemical experiments demonstrated
that a histidine to cysteine substitution at residue 50
(H50C), within a variable loop of the Zn2Cys6 binuclear
cluster motif, abrogates the ability of Leu3 to act as a re-
pressor and increases activator efficiency by 1.5-fold
and DNA binding affinity by 4- to 5-fold (Bai and Kohl-
haw, 1991; Remboutsika and Kohlhaw, 1994).
In this study, we report the crystal structures of the
wild-type and H50C mutant of the Leu3 DNA binding do-
main bound to DNA. We also report DNA binding studies
of the wild-type, H50C, and other selected Leu3 mutants
to elucidate structure-function relationships underlying
Leu3 recognition of DNA. Together, these studies reveal
the determinants of Leu3-DNA binding and suggest
a role for the H50C mutation in transcriptional regulation.
A correlation of these results with the structures of other
DNA complexes with Zn2Cys6 binuclear cluster proteins
provides additional insight into DNA discrimination by
the proteins of this family.
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726Figure 1. DNA Binding Domain of Leu3 and Structures of DNA Complexes with Zn2Cys6 Binuclear Cluster Proteins
(A) Leu3(32–103) amino acid sequence used for cocrystallization with DNA. Conserved cysteine residues that ligate the two zinc ions are colored
in red, and a highly conserved lysine that makes conserved side chain contacts to the CGG DNA half-site is colored in cyan. The heptad repeat of
residues that mediate coiled-coil dimerization of the homodimer is colored in gray, and the H50 residue that, when mutated to cysteine, affects
the repression and activation function of Leu3 is colored in green.
(B) Structures of Zn2Cys6 binuclear cluster proteins with arrows indicating CGG half-site polarities. Subunits of the homodimers are colored in
blue and cyan. The DNA (red), half-sites (gray), and zincs (yellow) are also color-coded.Results
Overall Structure of the Leu3-DNA Complex
Three different Leu3-DNA complex crystals were pre-
pared for structure determination. In each case, a protein
construct containing Leu3 residues 32–103, which in-
cludes the DNA binding domain, was used. Crystals of
the Leu3/UASLEU (15-mer) and the Leu3(H50C)/UASLEU
(15-mer) complexes (Figures 2A and 2B; Table 1) form
in the same space group with similar unit cell dimen-sions and have a single Leu3 homodimer bound to two
everted half-sites on a single DNA duplex in the asym-
metric unit. Except for the loop encompassing the
H50C mutation, these complexes are essentially super-
imposable with an rmsd of 0.457 A˚ for all protein atoms,
and 0.155 A˚ for all DNA atoms present in both structures.
A crystal structure of a LEU3/UASLEU (12-mer) complex
was also determined, and this complex contains two
protein-DNA complexes per asymmetric unit. However,
for both complexes, the Leu3 homodimer binds twoFigure 2. Overall Structure of Leu3-DNA
Complexes
(A) DNA sequences used for crystallization.
Half-sites recognized in the structure are in
bold. Half of each 12-mer duplex that the
complex straddles is shown, and designed
half-sites are underlined.
(B) Structures of Leu3-DNA complexes. The
DNA (red or orange), half-sites (gray), zincs
(yellow), and subunits of the homodimer
(cyan or blue) are color-coded.
(C) Ca overlay of Leu3 structures. The Leu3/
15-mer is in blue, the Leu3(H50C)/15-mer is
in green, and the Leu3/12-mer is in red.
(D) Electron density map around the H50C
loop of the Leu3(H50C)-DNA complex is
shown with a contour of one sigma in gray.
Each complex is color-coded: Leu3/15-mer
(green), Leu3(H50C)/15-mer (blue), and Leu3/
12-mer (orange).
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727Table 1. Crystallographic Data Statistics for Leu3-DNA Structures
Leu3/12-mer (Zn MAD)
Peak Edge Remote Leu3/15-mer Leu3(H50C)/15-mer
Space group P6422 P62 P62
Unit cell
a = b (A˚) 107.50 66.57 66.77
c (A˚) 218.90 122.77 122.75
Beamline APS-19BM CHESS-A1 CHESS-A1
Wavelength (A˚) 1.2830 1.2833 1.2587 0.9213 0.9213
Resolution range (A˚) 45–3.1 45–3.1 45–2.85 32–3.0 42–3.15
Total reflections 1,475,924 1,291,442 1197464 22049 29075
Unique reflections 26,117 25,772 33071 6131 5419
Completeness 99.9 (100) 99.9 (100) 99.9 (100) 98.3 (98.3) 99.9 (99.9)
I/s 47.3 (7.3) 46.7 (9.6) 40.9 (4.2) 4.8 (3.2) 3.7 (2.9)
Rsym(%) 5.5 (30.8) 5.0 (20.0) 5.0 (37.4) 7.9 (12.6) 10.6 (15.3)
Phasing
Resolution range (A˚) 45–3.1 45–3.1 45–3.1
Number of sites 8
Phasing power
Acentric 3.03 4.80 2.44
Centric 3.73 6.70 3.29
Figure of merit 0.418 0.438 0.328
Overall figure
of merit
0.725
Refinement parameters
Resolution range (A˚) 45–2.85 32–3.0 42–3.15
Asymmetric unit 2 dimers 1 dimer 1 dimer
Final model
No. of nonhydrogen atoms 3983 1478 1526
No. of waters 33 24 13
No. of zinc atoms 8 4 4
Rfactor (%) 23.7 27.7 27.3
Rfree (%) 26.5 27.7 27.7
Rmsd
Bond lengths (A˚) 0.013 0.009 0.008
Bond angles (º) 1.4 1.2 1.3
Values in parenthesis are for the last shell.everted DNA half-sites on two separate abutting DNA
duplexes rather than a single duplex as seen in both
the Leu3 and Leu3(H50C)/15-mer complexes (Figure 2B).
The rmsd between the Leu3/UASLEU (12-mer) and the
Leu3/UASLEU (15-mer) or the Leu3(H50C)/UASLEU (15-
mer) complexes are 1.5 A˚ for protein main chain atoms
and 0.4–0.5 A˚ for the DNA half-site bases. The differ-
ences between the 12-mer and 15-mer complex struc-
tures indicate that Leu3 has some inherent flexibility
when bound to its cognate sequence (Figure 2C). How-
ever, the structures of Leu3 bound to the 15-mer of DNA,
the biologically relevant form, will be used in further dis-
cussion unless otherwise specified.
The structure of Leu3 bound to DNA reveals a homo-
dimeric complex with 2-fold symmetry. A C-terminal
coiled-coil dimerization element sits over the minor
groove in the center of the DNA, and N-terminal Zn2Cys6
binuclear cluster motifs, which contact CGG half-sites,
bind approximately one turn apart in the major groove
of the DNA. An L-shaped linker region connects the
coiled-coil dimerization element to the Zn2Cys6 binu-
clear cluster motif and makes both protein and DNA
contacts. The DNA within the complex shows relatively
modest deviations from B-form geometry. At the C-ter-
minal end of the coiled-coil dimerization element, the
helices are splayed apart to accommodate a four-helix
bundle crystal packing interaction that is present in allthree crystal forms. The biological significance of this
interaction, if any, is unclear.
Not surprisingly, the N-terminal Zn2Cys6 binuclear
cluster motif is nearly identical in tertiary structure to
the homologous domains of Gal4, Ppr1, Put3, and
Hap1 (King et al., 1999a, 1999b; Lukens et al., 2000; Mar-
morstein et al., 1992; Marmorstein and Harrison, 1994;
Swaminathan et al., 1997). The exception to this is the
loop separating the two CX2CX6C segments within
the zinc motif that shows the most variability between
the different Leu3-DNA complex structures. No electron
density is present for residues 51–55 of this loop region
in the Leu3/UASLEU (15-mer) structure, and although the
main chain of this loop region is ordered in the Leu3/
UASLEU (12-mer) and Leu3(H50C)/UASLEU (15-mer)
structures, many of the side chains are not visible (Fig-
ure 2D). Interestingly, this loop harbors a large degree
of sequence variation within the Zn2Cys6 motifs, and
the Leu3 protein harbors the longest segment in this re-
gion of the proteins indicated above. In addition, this
loop is the location of the H50C mutation that affects
the transcription properties of Leu3. Together, these
correlations suggest that the flexibility of this loop may
be important for its role in transcriptional regulation.
Moreover, a direct comparison between the 15-mer
structures with Leu3 and Leu3(H50C), which crystallize
in identical space groups and contain similar crystal
Structure
728Figure 3. Protein-DNA Contacts within the
Leu3-DNA Complex
(A) Schematic diagram of protein-DNA con-
tacts in the Leu3/15-mer complex. Blue and
cyan color-code the two subunits of the di-
mer. DNA half-sites are colored in gray, while
other DNA bases are colored in red. Protein
arrows distinguish between base and phos-
phate interactions and, if a backbone atom
is not specified, a side chain is making the in-
teraction. Water-mediated contacts have
been omitted for clarity.
(B) Overall Leu3/15-mer complex with dark
black boxes and letters in italics to indicate
the regions that will be enlarged in the subse-
quent panels.
(C) Close-up of the interaction between resi-
dues K78 and R79 of the Leu3 coiled-coil
and the DNA. Subunits of the homodimer
are colored in blue and cyan. The DNA (red),
half-sites (gray), residues (yellow), and hydro-
gen bonds (green) are also color-coded.
(D) Close-up of the interaction between resi-
dues V38, Q42, and F73 of the Leu3 protein.
Surface area from the van der Waals surface
of the residues is translucent and light blue.
(E) Close-up of the interaction between resi-
dues K44/Y77 and DNA.lattice contacts, suggests that the H50C mutation corre-
lates with an increased ordering of this loop. This hy-
pothesis is based on the observation that residues
51–55 of the 15-mer structures with Leu3 are not visible
in the electron density map, but are visible in the analo-
gous structure with the H50C Leu3 mutant. In addition,
the refined thermal factors are slightly lower for residues
50 and 56 of the 15-mer structure with the H50C Leu3
mutant as compared to the 15-mer structure with wild-
type Leu3.
Structural Basis for DNA Recognition by Leu3
Each of the three protein elements of the Leu3 DNA
binding domain, the Zn2Cys6 binuclear cluster, the
coiled-coil dimerization element, and the linker region,
appear to work in concert to configure the Leu3 homo-
dimer to recognize its cognate DNA site, everted CGG
half-sites with an inter-half-site separation of 4 base
pairs. The details of how these elements in the DNA
binding domain contribute to DNA recognition by Leu3
are described below.
The Zn2Cys6 binuclear cluster motifs of the Leu3 di-
mer sit in the DNA major groove and interact with the
everted CGG half-sites. DNA backbone interactions
are mediated by: the amide nitrogens of Ala36 and
Cys47 that hydrogen bond with the phosphate oxygens
of Gua 21 and Cyt 1, the NE and NH2 atoms of Arg41
that hydrogen bonds with a phosphate oxygen of
Gua 21, and the NE2 of Gln43 that hydrogen bonds
with a phosphate oxygen of Cyt 7. Base-specific con-tacts are mediated by carbonyl oxygens of Gln43 and
Lys44 that hydrogen bond with the N4 atoms of Cyt 8
and Cyt 2, respectively, and the NZ nitrogen of Lys44
that hydrogen bonds with the N7 of Gua 9 and the O6
of Gua 10 (Figure 3A). These Zn2Cys6-mediated interac-
tions are very reminiscent of those observed in the
structures of other DNA complexes with Zn2Cys6 binu-
clear motif-containing proteins. Other regions of interest
in the Leu3/15-mer complex that will be detailed below
are indicated in Figure 3B.
The base of the coiled-coil dimerization element sits
over the DNA minor groove between the two CGG half-
sites (Figure 3C). The helices of the coiled-coil have their
positive dipoles abutted against the electronegative sur-
face of the DNA minor groove in which the backbone
amide groups of Lys78 and Arg79 hydrogen bond to
the phosphate oxygens of Cyt 8. In addition, the side
chain nitrogen of Lys78 hydrogen bonds with a phos-
phate oxygens of Cyt 7, while the side chain of Arg79
partially intercalates into the minor groove just outside
of the central TA base pairs, making electrostatic inter-
actions with the O30 and O40 oxygens of the neighboring
ribose rings.
The linker region, connecting the coiled-coil dimeriza-
tion element and the Zn2Cys6 binuclear cluster motif
plays a key role in positioning the Zn2Cys6 motifs of
the dimer to recognize everted CGG half-sites with a 4
base pair separation. It does this via multiple interac-
tions with the Zn2Cys6 motif and the DNA (Figure 3D).
Residues 70–73, at the beginning of the linker region,
Structure of a Leu3-DNA Complex
729Figure 4. Electrophoretic Mobility Shift Assay of Leu3 and Mutants
(A) EMSA of Leu3(32–103) with LEU2 DNA (left) or LEU2 DNA modified to have only one half-site (LEU2-M; right). The capital ‘‘D’’ is DNA only; the
lower case letters are the protein’s oligomerization state of dimer (d) or monomer (m). The dimer concentration starts at 450 nM and decreases in
the direction of the half-arrow.
(B) EMSA of Leu3(32–103) V38D and Q42A mutants with LEU2 DNA.
(C) EMSA of H50C and Leu3(1–147) with LEU2 DNA. The shift is with LEU2 DNA.
(D) Bar graph summarizing the LEU2 DNA binding properties of the Leu3 mutants relative to wild-type Leu3. Negative values indicate fold
decrease in DNA binding relative to the wild-type protein.form interactions similar to a type-I b turn. This allows
Phe73 to make van der Waals interactions with Val38
and the aliphatic arm of Gln42 from the Zn2Cys6 binu-
clear cluster motif. The guanidinium group of Arg75 is
also positioned to hydrogen bond to the phosphate oxy-
gen of Cyt 8 and to the carbonyl oxygen of Gln42. In ad-
dition, the side chain hydroxyl group of Tyr77 hydrogen
bonds with the side chain nitrogen of Lys44 and appears
to help position it for recognition of the CGG half-site
(Figure 3E). Together, the linker region and the coiled-
coil dimerization element appear to both set the appro-
priate 4 base pair spacing between the 2 CGG half-sites
and help orient the Zn2Cys6 motifs with proper polarity
for interaction with the everted CGG half-sites.
Solution Binding of Leu3 and Mutants to LEU2 DNA
To understand structure-function relationships for DNA
binding by Leu3, the wild-type DNA binding domain
and a series of Leu3 mutants were evaluated by electro-
phoretic mobility shift assay (EMSA) for their relative
ability to bind UASLEU2 DNA. The EMSA assay in which
Leu3(32–103) was titrated against UASLEU2 DNA re-
vealed a shifted band at low protein concentration that
was replaced by a more intense and more slowly migrat-
ing shifted band at higher protein concentration (Fig-
ure 4A). We inferred that the faster migrating shifted
band represents a Leu3 monomer bound to DNA, while
the slower migrating shifted band represents a Leu3 di-
mer bound to DNA. Consistent with this conclusion, an
analogous EMSA titration employing an altered DNA se-quence, where the UAS was modified to contain a single
half-site (UASLEU2-M), showed a significantly more in-
tense, faster migrating shifted band that did not disap-
pear at higher protein concentration. Using the UASLEU2
site EMSA data, we calculate an apparent dissociation
constant for the Leu3 dimer of 30 nM. A comparison of
EMSA data using the UASLEU2 and UASLEU2-M sites
also reveals that the binding of Leu3(32–103) to the sec-
ond CGG half-site is cooperative, and involves protein
dimerization on the DNA. The DNA-induced dimerization
of Leu3(32–103) is likely not physiologically relevant,
since a longer construct of Leu3 (Leu3[1–147]) shows
only a dimer band in the EMSA assay (Figure 4C).
Motivated by the crystal structure of the Leu3-DNA
complex, we prepared the following site-directed DNA
binding mutants in the context of the Leu3(32–103) pro-
tein construct for analysis by EMSA: V38A, V38D, K44A,
K44H, Q42A, Q42L, F73A, F73K, Y77A, Y77F, and R79A.
To evaluate the relative binding of the mutated Leu3(32–
103) proteins, an EMSA titration against the UASLEU2 se-
quence was carried out for each of the mutant proteins
(Figure 4B), and their DNA binding properties relative
to the wild-type protein was determined (Figure 4D
and Table 2). The Leu3 mutants fell roughly into three
groups: group 1 (V38D, H50C, and Y77A) bound DNA
within 3-fold of the wild-type protein; group 2 (V38A,
K44H, Q42L, F73K, R79A, and F73A) bound DNA 3- to
10-fold less well than wild-type protein; and group 3
(K44A, Q42A, and Y77F) bound DNA at least 15-fold
less well than the wild-type protein. As described in
Structure
730the Discussion section, these results correlate well with
the crystal structure.
In light of the fact that the H50C mutant of Leu3(32–
103) bound DNA at near wild-type levels, a result that
is in disagreement with a previous report, in which the
Table 2. Tabulation of Apparent Dissociation Constants
of Wild-Type and Mutant Leu3(32–103) for LEU2 DNA
Type n Kd (nM) SEM
WT 3 30 13
V38D 7 21 7
H50C 4 25 5
Y77A 2 50 0
V38A 7 93 20
K44H 2 100 0
Q42L 3 150 0
F73K 3 150 0
R79A 6 160 45
F73A 4 288 94
K44A 4 >450 N/A
Q42A 6 >450 N/A
Y77F 4 >450 N/A
n = number or replicates; Kd = mean of apparent Kd of homodimer
binding to DNA; SEM, calculated standard error of the mean.H50C Leu3 mutant in a (17–147) construct was shown
to bind UASLEU2 with a greater than 4-fold higher affinity,
we prepared wild-type and the H50C mutant of Leu3(1–
147) for analysis by EMSA. As can be seen in Figure 4C,
Leu3(1–147) H50C binds UASLEU2 DNA about 3-fold less
well than the native Leu3(1–147) construct. Taking this
result together with our results with the Leu3(32–103)
protein constructs, we conclude that the H50C Leu3 mu-
tant does not have a significant effect on DNA binding by
Leu3.
Solution Binding of Leu3 to DNA Binding Sites
for Other Zn2Cys6 Motif Proteins
A comparison of the Leu3-DNA complex with other DNA
complexes with other Zn2Cys6 binuclear motif proteins
(Figure 1B) shows the most similarity with the Gal4 pro-
tein (Figures 5A and 5B). In particular, like Gal4, and un-
like the other Zn2Cys6 motif proteins bound to DNA,
Leu3 binds DNA with 2-fold symmetry, and the positive
dipole of the coiled-coil dimerization element is posi-
tioned over the minor groove of the DNA. However, un-
like Gal4, the Leu3 Zn2Cys6 motifs are configured in
everted orientation, opposite to the orientation of the
Zn2Cys6 motifs of Gal4. The Leu3 linker regionFigure 5. Structural Comparison of DNA Complexes with Leu3 and Gal4, and EMSA of Leu3 Bound to DNA Sites for Related Zn2Cys6-Containing
Proteins
(A and B) A top-down view of the Leu3(H50C)/15-mer (A) and Gal4/19-mer (B) complexes. Subunits of the homodimers are colored in blue and
cyan. The DNA (red), half-sites (gray), and zincs (yellow) are also color-coded.
(C) A Leu3/Gal4 linker region alignment.
(D) EMSA of Leu3(32–103) with GAL4 DNA (left) and a GAL4 DNA site modified to have only one half-site (GAL4-M) (right). The capital ‘‘D’’ labels
the DNA only; the lower-case letters label the protein’s state of dimer (d) or monomer (m). The dimer concentration starts at 450 nM and
decreases in the direction of the half-arrow.
(E) EMSA of Leu3(32–103) with HAP1 or PPR1 DNA sites. Protein concentration and symbols are the same as in panel (D).
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731(Figure 5C) forms a turn instead of an extended confor-
mation as seen in Gal4. These correlations led us to ask
whether the linker region of Leu3 might be sufficiently
flexible to allow it to accommodate a Gal4 DNA site.
To address this possibility, we used EMSA to assay
the ability of Leu3(32–103) to bind a native Gal4 DNA tar-
get site and a site in which one of the two inverted CGG
sites was mutated. As can be seen in Figure 5D,
Leu3(32–103) can indeed bind a Gal4 DNA site, although
with an affinity that is reduced relative to the binding of
Leu3 to a Leu3 DNA site. Like Leu3(32–103) binding to
UASLEU2-M, an EMSA with the single half-site mutant of
the Gal4 DNA shows a higher degree of monomer bind-
ing with dimer binding at high Leu3 concentration, prob-
ably reflecting Leu3 dimerization at high concentration.
Another prediction from the comparison of the Leu3-
DNA structure with other Zn2Cys6 motif proteins
(Figure 1B) is that Leu3 should bind the DNA sites for
other Zn2Cys6 motif proteins less well than the DNA
site for the Gal4 protein. To address this, we used
EMSA to assay the ability of Leu3(32–103) to bind DNA
sites for the Zn2Cys6 motif proteins Hap1 and Ppr1.
Both proteins show linker and dimerization element con-
figurations that are significantly different than Leu3 and
Gal4. As predicted, the EMSA results reveal that Leu3
binds the Hap1 and Ppr1 sites significantly more poorly
than the Gal4 site (Figure 5E). Interestingly, the Leu3 di-
mer does accommodate a Hap1 site, albeit at high Leu3
protein concentration. We propose that the Leu3 dimer
might bind the Hap1 DNA site with one linker region con-
figured as it is in the Leu3-DNA complex, but the other
linker configured in an extended conformation, as it is
in Gal4. Such a complex would align the Zn2Cys6 motifs
in a direct orientation compatible with recognition of the
direct CGG half-sites found in Hap1 DNA target sites,
and suggests that this configuration of the linker region
would appropriately span the 6 base pair inter-half-site
separation that is present in Hap1 DNA target sites.
Discussion
Comparison with Other Zn2Cys6 Motifs
The Leu3 Zn2Cys6 binuclear cluster motif is nearly iden-
tical in tertiary structure to the homologous motifs of
Gal4, Ppr1, Put3, Hap1, and AlcR (Cahuzac et al.,
2001; King et al., 1999a, 1999b; Lukens et al., 2000; Mar-
morstein et al., 1992; Marmorstein and Harrison, 1994;
Swaminathan et al., 1997). As seen in previous homolo-
gous structures, a highly conserved lysine (Lys44 in
Leu3) and the carbonyl of the preceding residue are spe-
cific for half-site recognition by forming conserved hy-
drogen bonds to the CGG half-site. In addition, Arg41
makes conserved backbone contacts. Consistent with
the importance of this lysine residue for half-site recog-
nition, EMSA analysis with the K44A mutant showed
binding outside the range of the EMSA (Table 2). In
Put3, the conserved lysine is a histidine that makes sim-
ilar side chain interactions with the CGG half-site. Con-
sistent with the interchangeability of these residues,
our EMSA analysis shows that a K44H mutant binds
only 3-fold less well than the wild-type protein. However,
there is a new half-site interaction that is observed in the
Leu3-DNA complex. Tyr77, from the linker region, hy-drogen bonds with the side chain nitrogen of Lys44
and appears to help direct the lysine side chain for
half-site recognition (Figure 3D). Intriguingly, our muta-
genesis studies reveal that a Y77A mutation has only
a modest effect on DNA binding, while a Y77F mutant
has a more dramatic effect (Table 2), likely due to a steric
clash of the phenylalanine side chain. Based on the DNA
binding properties of the Y77A mutant, we conclude that
Tyr77 plays a relatively modest role in DNA recognition
by Leu3.
DNA Recognition by Leu3
The Leu3-DNA complex presented here is, to our knowl-
edge, the first reported structure of a Zn2Cys6 binuclear
cluster motif protein bound to CGG half-sites in everted
orientation. The structure and the accompanying EMSA
solution data, employing site-directed Leu3 mutants, re-
veal that specificity for the everted half-sites with a
4 base pair inter-half-site separation is modulated
through the coiled-coil and linker regions of the Leu3
protein. This specificity appears to be centered on resi-
due Gln42 of the Zn2Cys6 motif that appears to be criti-
cal for the hydrophobic core of the linker, which helps to
orient the Zn2Cys6 motifs of the dimer to recognize
everted CGG half-sites. Gln42 interacts with the linker
region (Phe73 and Arg75) and Zn2Cys6 motif (Val38)
through multiple van der Waals and hydrogen bonding
interactions. These interactions also appear to facilitate
the interaction of Arg75 with DNA. The importance of
this network of interactions is supported by the solution
DNA binding studies that demonstrate that the Q42A
mutant decreases binding by greater than 15-fold, and
that other mutations that were predicted to disrupt this
network of interactions (V38A, Q42L, F73A, and F73K)
decrease binding affinity by between 3- and 10-fold. In-
terestingly, a V38D mutant shows a slightly higher DNA
binding affinity than the wild-type protein, and we infer
that the aliphatic region of the aspartic acid makes com-
pensatory van der Waals interactions. The elevated
binding of the V38D mutant might also result from the
formation of hydrogen bonds from its side chain carbox-
ylates to the amine group of Lys70.
The configuration of the coiled-coil dimerization ele-
ment of Leu3 to DNA also appears to play an important
role in Leu3 binding specificity for DNA. This is demon-
strated by the fact that positive dipole of the helices ap-
pear to ‘‘recognize’’ the electronegative surface of the
minor groove in between the two CGG half-sites. This
conclusion is further supported by the EMSA binding
studies with the R79A mutant. The structure shows
that Arg79 plays a key role in minor groove recognition,
and the R79A mutant shows a greater than 5-fold de-
crease in DNA binding.
Comparison with DNA Recognition
by Other Zn2Cys6 Motif Proteins
Nearly all proteins that contain a Zn2Cys6 motif recog-
nize CGG half-sites and contain a coiled-coil dimeriza-
tion element. Given these similarities, it is quite remark-
able that ‘‘nature’’ has exploited different configurations
of the coiled-coil dimerization and linker regions to cre-
ate dramatically different protein dimers with signifi-
cantly different DNA binding specificities with regard
to DNA half-site polarity and inter-half-site separation
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732(Figure 1B). Indeed, until the structure of the Leu3-DNA
complex was determined, there appeared to be no sim-
ple way of rationalizing how one might convert the DNA
binding specificities between the proteins that contain
a Zn2Cys6 motif. Strikingly, however, the Leu3-DNA
complex shows significant similarity to the Gal4-DNA
complex (Figures 5A and 5B). Both complexes show
similar configurations of the coiled-coil dimerization ele-
ment on DNA and half-site recognition by the Zn2Cys6
motifs. The proteins also contain linker regions that dif-
fer in length by only one residue (Figure 5C). However,
while the Gal4 linker region is extended, allowing Gal4
to recognize inverted CGG sites separated by 11 base
pairs, the Leu3 linker region is folded back to accommo-
date Leu3 recognition of everted CGG sites separated
by 4 base pairs. This comparison suggests that a simple
extension of the Leu3 linker region might allow Leu3 to
bind a Gal4 DNA site. The EMSA DNA binding studies
of Leu3 to a Gal4 DNA site are consistent with this pos-
sibility (Figure 5D). Although Leu3 does not bind a Gal4
site as well as a Gal4 protein construct, appropriate
site-directed mutations in the linker region and zinc mo-
tif, which destabilize the folded-back conformation of
the linker region and favor an alternative Gal4-like ex-
tended conformation of the linker region, may allow
Leu3 to bind a Gal4 site with Gal4 affinity. Further exper-
iments would be required to test this hypothesis.
The utilization of half-site polarity and separation in
DNA recognition extends beyond the proteins that con-
tain a Zn2Cys6 motif. For example, both the members of
the nuclear receptors (Rastinejad, 2001) and POU do-
main proteins (Phillips and Luisi, 2000), found exclu-
sively in multicellular organisms, exploit such DNA prop-
erties for site-specific DNA binding. In the case of the
steroid receptors, DNA half-site polarity and separation
is specified by different dimerization interfaces within
the DNA binding domains of homo- and heterodimers.
In the case of the POU domain proteins, DNA half-site
polarity and separation is specified by a linker of variable
length and sequence separating two DNA binding do-
mains (POU-specific domain and POU homeodomain)
within a single polypeptide chain. Interestingly, the evo-
lutionarily more primitive Zn2Cys6 proteins that are only
found in fungal species exploit both dimerization and
linker elements for recognition of DNA half-site polarity
and separation. Taken together, it appears that the ex-
ploitation of DNA half-site polarity and separation for
site-specific DNA recognition is an evolutionarily con-
served property of many DNA binding proteins.
Role of Histidine 50 in Transcriptional Repression
by Leu3
In vivo experiments with a mammalian cell line have
found that Leu3 alone is sufficient for gene repression
(Guo and Kohlhaw, 1996). However, studies in yeast
have indicated that the recruitment of a corepressor
protein, Mot1, may be necessary for repression (Wade
and Jaehning, 1996). Earlier studies also demonstrated
that a H50C mutation in the context of Leu3(17–147) in-
creases Leu3 binding affinity for DNA by 4- to 5-fold,
while DNA ethylation and methylation footprints re-
mained unchanged; interestingly, however, this mutant
lost its ability to repress basal-level transcription—a hall-
mark property of wild-type Leu3 (Remboutsika andKohlhaw, 1994). Leu3(17–147) has been shown to have
the same basal repression properties as full-length
Leu3 protein (Sze et al., 1993). A potential model to ex-
plain this result would require an H50C-DNA complex
that was different from the wild-type complex, without
a change to the DNA-binding interface and yet was
also incompatible with transcriptional repression. This
model motivated us to determine the structure of the
Leu3(32–103) H50C-DNA complex for comparison with
the analogous wild-type complex.
In agreement with the DNA footprint experiments, but
curious in terms of the loss of repressor function, a com-
parison of the 15-mer DNA complexes with Leu3 and the
H50C mutant shows nearly identical protein DNA com-
plexes, with differences observed only in the H50C-
bearing loop region of the Zn2Cys6 motif. The high
degree of superposition of the 15-mer structures was
consistent with our EMSA analyses employing both
Leu3(32–103) and Leu3(1–147) protein constructs, which
revealed that the H50C mutation had only modest ef-
fects on DNA binding (Figures 5C and 5D). It is unclear
why our binding results with the H50C Leu3 mutant differ
from those of the earlier report, but this could be due to
differences in binding conditions. In any event, the H50C
mutant does not appear to have a significant effect on
DNA binding.
The transcriptional properties of the H50C mutation
appear to be more dramatic, and the increased ordering
of this loop in the H50C mutant, relative to the wild-type
structure containing the same crystal packing contribu-
tions, suggest that the decreased flexibility of the loop
that results from the H50C substitution may prevent an
interaction with a Leu3-associated protein or a portion
of Leu3 that may be required for basal repression by
Leu3. Additional in vivo and in vitro experiments would
be required to test the hypothesis. Consistent with the
importance of the flexibility of the H50C-bearing loop
in transcriptional repression by Leu3, it bears the lon-
gest variable region of all the Zn2Cys6 binuclear cluster
proteins, and this loop is well ordered in each of the
other Zn2Cys6 motif structures determined to date. To-
gether, the structure/function studies presented here
reveal the molecular details underlying the recognition
of everted CGG half-sites by the Leu3 protein. A com-
parison of this structure with other DNA complexes
with Zn2Cys6 motif proteins provides new insights into
how a family of related DNA binding proteins can recog-
nize common DNA half-sites that differ in the polarity of
the DNA half-sites and the inter-half-site separation. The
relationship between the Leu3-DNA and Gal4-DNA com-
plexes further suggests that it may be possible to inter-
change the DNA binding specificities of these proteins
and to use the Zn2Cys6 motif proteins as a scaffold to
design DNA binding proteins with novel DNA binding
specificities.
Experimental Procedures
Preparation of Leu3 Protein Constructs
The DNA sequence encoding the DNA binding domain of Leu3(32–
103) was subcloned for overexpression into the pT7-7 plasmid,
and all site-directed mutants were prepared by site-directed muta-
genesis (QuikChange, Stratagene) with the wild-type Leu3(32–103)
clone as a template. All mutations were confirmed by DNA sequenc-
ing (University of Pennsylvania, Core DNA facility). Wild-type and
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733mutant recombinant protein constructs were then overexpressed
and purified as follows: the plasmids were transformed into
BL21(DE3)pLysS cells (Stratagene), grown at 37ºC in LB media to
an OD595 w 0.5, induced with the addition of 0.5 mM IPTG and
100 mM Zn(OAc)2 and grown for an additional 3 hr. The cells were
lysed by sonication in a low salt buffer (LSB) containing 20 mM
Hepes (pH 7.5), 200 mM NaCl, 1 mM DTT, 10 mM Zn(OAc)2, 100 mg/ml
PMSF, centrifuged, and the supernatant was loaded onto a SP
Sepharose Fast Flow resin (Amersham). The resin was washed with
LSB and eluted with a 0.2–1.2 M NaCl gradient in LSB. Peak fractions
were pooled, precipitated with 70% w/v (NH4)2SO4, and the centri-
fuged pellet resuspended in LSB without PMSF and applied to
a Superdex 75 (Amersham) gel filtration column. Peak fractions
were pooled and concentrated with a Millipore Biomax 5K concen-
trator to a concentration of w30 mg/ml and stored at 270ºC prior
to use for cocrystallization. Protein purity was judged to be greater
than 95% by SDS gel electrophoresis using Simply Blue Safestain
(Invitrogen). Oligonucleotides were synthesized at the University of
Pennsylvania’s Cancer Center Nucleic Acid Facility (University of
Pennsylvania, Department of Chemistry) and purified by reverse-
phase HPLC using a Dynamax 300 pure DNA column (Varian). The
oligonucleotides were lyophilized and annealed at a concentration
of about 2 mM in a renaturation buffer (RnB), containing 50 mM
NaCl and 20 mM Hepes (pH 7.5).
The pGEX plasmid encoding Leu3(1–147) as an N-terminal GST fu-
sion protein was obtained from B. Turcotte (McGill University). This
plasmid was used as a template to prepare the H50C mutation, as
described above. Both protein constructs were overexpressed, as
described above, and purified using the following protocol. The
cell pellet was suspended in PBS, supplemented to 1 M NaCl and
1 mM DTT (PBS1D), and sonicated to lyse the cells. One percent
Triton 100X was added to the lysate and mixed for 45 min on ice.
The solution was centrifuged and streptomycin sulfate was added
to the supernatant to a final concentration of 5.7% w/v, followed
by incubation on ice for 1 hr and centrifugation. The supernatant
was batch-loaded on Novagen GST-Bind resin for 30 min at RT,
and the resin packed and washed with w30 column volumes of
PBS1D. Thrombin was added to the protein bound resin, followed
by incubation for 7.5 hr at RT to cleave the Leu3 protein from the
GST bound resin. The resin was washed by batch elution with
PBS1D. The cleavage buffer and elutions were run on an 18%
SDS-PAGE gel to determine purity using Simply Blue Safestain.
The cleaved Leu3(1–147) was concentrated with a 5K Amicon con-
centrator to about 9 mg/ml, aliquoted, and stored at 270ºC until
use for EMSA.
Crystallization, Data Collection, and Structure Determination
Crystals of Leu3(32–103) bound to a 15-mer consensus DNA site
were obtained by vapor diffusion at 20ºC from a 2 ml hanging drop
containing 1 ml 0.6 mM Leu3(32–103)/0.7 mM 15-mer DNA and an
equal volume of reservoir solution, and incubated against a reservoir
solution containing 5% PEG 4000, 50 mM Cacodylate (pH 6.5),
200 mM NH4(OAc), and 10 mM CaCl2. Crystals containing
Leu3(32–103)H50C bound to the same 15 base pair DNA site were
also prepared by vapor diffusion using sitting drops, with 3.5 ml of
0.6 mM Leu3(32–103)H50C/0.7 mM 15-mer DNA and an equal vol-
ume of reservoir solution, and equilibrated against a reservoir solu-
tion containing 50 mM Mes (pH 6.0), 3% v/v isopropanol, and 20 mM
Mg(OAc)2. Both crystals were cryoprotected with glycerol using se-
rial dilution to a final concentration of 35% v/v glycerol in reservoir
solution and then flash frozen in propane. Typical crystal dimensions
were w150 3 75 3 50 mm. For both 15-mer-containing cocrystals,
native data sets were collected at CHESS beamline A1. Data were
processed with MOSFLM and scaled with SCALA (Evans, 1993;
Leslie, 1990).
Crystals of Leu3(32–103) bound to a 12-mer of DNA were obtained
by vapor diffusion at 20ºC from a 2 ml hanging drop containing 1 ml of
0.4 mM Leu3(32–103)/0.5 mM 12-mer and an equal volume of reser-
voir solution and incubated against a reservoir solution containing
100 mM Hepes (pH 7.0), and 22% v/v MPD. Crystals were cryopro-
tected by a direct dunk into reservoir solution supplemented to
26% v/v MPD, and then flash frozen in propane. For the 12-mer-con-
taining crystals, a Zn multiple wavelength anomalous dispersion
(MAD) data set was collected at APS, SBC-CAT, beamline 19BM.Data were processed and scaled with HKL2000 (Otwinowski and
Minor, 1997).
The Leu3-12-mer complex structure was determined by MAD with
zinc for the anomalous signal (Table 1). Three wavelengths (peak, in-
flection, and remote) were collected, and 8 zinc atoms were identi-
fied and refined to give phases with the program CNS (Brunger
et al., 1998). A density-modified (solvent-flipped) electron density
map, which was generated in CNS with the MAD phases, was suit-
able for initial model building. A model containing the entire main
chain and conserved side chains of the Zn2Cys6 binuclear cluster
of Put3 and an idealized B-form DNA model were manually placed
into the electron density using the program O (Jones et al., 1991).
This initial model was subjected to rigid body refinement in CNS.
Once these partially refined pieces were in place, the linker region,
the dimerization element, and visible side chains were manually
placed into electron density in O. Further refinement employed sim-
ulated annealing and torsion angle dynamic refinement protocols
with NCS (relating the two halves of the homodimer complex) and
DNA restraints. The NCS restraints were lowered over time and
were eventually dropped for the last cycles of refinement. Between
refinement cycles, the model underwent manual rebuilds in O. To-
ward the end of refinement, restrained individual isotropic atomic
B factors and solvent molecules were added. The final model was
checked for errors with a composite omit map.
The Leu3(32–203)/12-mer complex structure was used as a start-
ing model to determine the structure of the Leu3(32–103)/15-mer
complex by molecular replacement with the program MolRep (Vagin
and Teplyakov, 1997). An ideal B-DNA model of the 15-mer was
superimposed onto the 12-mer DNA from the search model with
the CGG half-sites, and the model was subjected to rigid body re-
finement in CNS. This was followed by simulated annealing and tor-
sion angle dynamic refinement protocols with the program CNS,
with iterative manual rebuilds in O between refinement cycles. Tight
NCS restraints and DNA restraints were used throughout the refine-
ment. Toward the end of the refinement, group B factors and solvent
molecules were added. The Leu3(32–103)/15-mer structure was
used as a search model for determining the structure of the
Leu3(32–103)H50C/15-mer complex by molecular replacement
with MolRep, and subsequent refinement was carried out essentially
as described for the Leu3(32–103)/15-mer structure. Structural fig-
ures were created using PyMOL (DeLano, 2002).
DNA Binding Studies
The following DNA probes were used for electrophoretic mobility
shift assays (EMSA):
UASLEU2: 5
0biotin-AGGTGAGAGGCCGGAACCGGCTTTTCATA
T-30
UASLEU2-M (single site): 5
0biotin-AGGTGAGAGGAACGAACCGG
CTTTTCATAT-30
UASGAL4: 5
0biotin- TATATTCGGGTGACAGCCCTCCGAAGA-30
UASGAL4-M (single site): 5
0biotin- TATATTCGGGTGACGCCCT
AACAAGA-30
UASPPR1: 5
0biotin-TATTCTTCGGCAATTGCCGAAGATA -30
UASHAP1: 5
0biotin-TATGGCCGGGGTTTACGGACGATGA-30.
All complementary strands also contained a 50 biotin group, ex-
cept for the GAL and LEU sequences used for EMSA assays with
the Leu3(1–147) construct. Final DNA concentrations for EMSA
were 0.25 nM for doubly labeled biotinylated duplexes and 1.0 nM
for singly labeled biotinylated duplexes. DNA was annealed and
diluted in RnB.
For the EMSA assays, protein was diluted in LSB without PMSF
and DTT (LSB2). An A280 reading of the stock was taken to measure
concentration, and the protein was further diluted in LBS2 (with
100 mg/ml BSA) by 3-fold serial dilutions in the range of 9 mM (mono-
mer) to 1.23 nM (monomer) of protein. The DNA and protein were
equilibrated in a buffer containing 20 mM Hepes (pH 7.5), 200 mM
NaCl, 10uM Zn(OAc)2, and 5% w/v Ficoll at 4ºC. After incubation
for 30 min, samples were loaded onto a 6% DNA polyacrylamide
gel (Invitrogen) in 0.53 Tris-borate-EDTA (TBE) and run at 200 V
for 42 min at 4ºC. Titrations of DNA alone were run in duplicate in
the above conditions to determine DNA intensity and linearity, and
each mutation was run at least three times. The gel was blotted on
Biodyne B (Invitrogen) membranes at 380 mA for 1 hr in 0.53 TBE
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734at 4ºC. The transferred DNA was then crosslinked to the membrane
with a Stratagene crosslinker set on the auto crosslink function. DNA
signal was visualized using the Pierce Lightshift kit. The chemillumi-
nescent blots were exposed to film, which was developed and
scanned. The band intensity for the dimer band was used to calcu-
late an apparent Kd for dimer binding, where the concentration of the
band with an intensity ofw1⁄2 of the DNA intensity alone or the mid-
point concentration between two DNA dimer bands with greater
then and less then 1⁄2 the DNA intensity alone was used as the appar-
ent Kd. Q-tests were performed to remove outliers. Each Kd was then
averaged to generate a mean and SEM. The results were expressed
as fold change from wild-type binding.
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